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Abstract 
The outer rise is a subtle ridge on the seafloor located near an oceanic trench where a 
down-going lithospheric plate begins to bend and thus fault prior to subducting at the subduction 
zone. During subduction, the descending lithospheric plate bends upwards, leading to normal 
faulting. This normal faulting, or deformation pattern, is hypothesized to be controlled by the 
subducting plate’s age, rheology, subduction velocity and angle. The two main goals of this 
study were to: 1) numerically model the influence of plate age, subduction angle, plate speed, 
and rheological parameters on outer-rise tensile deformation, and 2) characterize the regions of 
tensile deformation and compare these to the subducting plates in northeastern Japan and South 
America. I observed significant differences in the lateral extent and modest variations in the 
vertical extent of the outer-rise deformation region that I primarily attribute to differences in the 
imposed subduction angle representative of the two geographical locations. With a steeper 
subduction angle, the material has a more compact area to deform in, thus creating a deeper 
“wedge” of deformation. The rheological properties, however, play a more significant role in the 
lateral spread of the deformation. As a model’s internal friction angle increases, its ability to 
deform decreases, resulting in a narrower section of deformation. Also, the cohesion of the 
models lead to the observation that a more cohesive, or unified material, had more difficulty 
deforming than those that were less cohesive. Models that were run with lesser values of 
cohesion had a greater lateral spread of the deformation region as opposed to those with higher 
values of cohesion. 
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Executive Summary 
The solid Earth is composed of many layers that give rise to classic geographical 
landforms such as mountains, islands, and volcanoes. These features arise from the movement 
and interaction over millions of years of Earth’s tectonic plates, the fractured most-outer layer of 
the solid Earth known as the lithosphere, comprising of the crust and mantle lithosphere. The 
lithosphere can be described by fifteen major plates that meet at a variety of three boundaries: 
divergent, convergent, or transform. At a convergent boundary, two plates are moving towards 
each other and either effectively collide, or one subducts beneath the other, forming great 
mountain ranges such as the Himalayas or Andes. The nature of collision is governed by the type 
of lithospheres involved, either oceanic or continental. Oceanic lithosphere is denser than 
continental lithosphere primarily because of its composition. Specifically, the mantle portion of 
the continental crust is depleted of heavy elements. Moreover, the oceanic crust has a primarily 
basaltic composition, while the continental lithosphere tends to be of a granitic composition. 
Although the oceanic crust tends to be approximately 7 km thick while the continental crust may 
vary between 10 to 75 km in thickness, basalt is denser than granite, which also partly explains 
why the continents are at a higher elevation than the ocean floor. Moreover, in the event of a 
continent-ocean convergent boundary, the denser oceanic lithosphere is easier to “pull down” 
and therefore subducts beneath the continent and is recycled into the mantle. In the case where 
two oceanic lithospheres come together, the older oceanic lithosphere would subduct beneath the 
younger, forming a trench like the Marianas Trench. This is due to the fact that plates thicken 
with age and thus become denser. The focus of this paper is the convergent boundary near the 
northeastern portion of Japan where the oceanic lithosphere of the Pacific Plate subducts beneath 
the continental lithosphere of the North American Plate (Figure 1), and the convergent boundary 
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along western South America where the Nazca Plate subducts beneath the South American Plate 
(Figure 2).  
 
Figure 1: The convergent boundary along northeastern Japan where the oceanic Pacific Plate 
subducts beneath the continental North American Plate. 
 
Figure 2: The convergent boundary along western South America where the oceanic Nazca 
Plate subducts beneath the Continental South American Plate. 
Seismicity of an area is loosely defined by the frequency and size of earthquake 
occurrences. Some of the most seismically active areas of the world are found at convergent and 
transform boundaries surrounding the Pacific Plate, known as the “Ring of Fire”. The island of 
Japan and the western coast of South America are both located along the Ring of Fire and are 
prone to great earthquakes due to the amount of tectonic stress produced at the subduction zones 
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that cause the brittle portions of the plates to fracture. Some of the most devastating earthquakes 
that can also generate tsunamis occur along the bending region of the subducting plate, known as 
the outer-rise (Figure 3).  
 
Figure 3: Depiction of the ocean-continent subduction zone at the Nazca-South American Plate 
boundary and the outer-rise region (from Marot et al, 2012) 
Near the surface of the bending zone, tensile deformation causes normal faulting over a 
broad region spanning 40 km – 75 km outboard of the trench that result in earthquakes (Figure 
4) (Naliboff). The faulting in this region has very important societal implications because it has 
the capacity to produce megathrust events, which are ripe for tsunamis. A megathrust event is 
essentially a very large earthquake that occurs in the subduction zone due to the build up of 
stress in the outer-rise that eventually overcomes the frictional strength of the fault causing 
sudden vertical movement over a long area of the fault, displacing the seafloor and possibly 
resulting in a tsunami. One of the most serious and recent megathrust events occurred in 2011 off 
the Pacific coast of Tōhoku, Japan,that resulted in a massive tsunami that devastated the 
northeastern part of Japan, killing nearly 19,000 people and causing over $200 billion in damage 
(“Two Years Later”). Because large population centers are located in regions prone to 
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megathrust events, the study of tectonic plate bending and the resulting faulting structure is very 
important and, through modeling and continued research, can hopefully lead to heightened 
awareness of these natural events and help better predict their occurrences. 
The proposed project had two main goals. The first was to numerically model plate age, 
subduction angle, plate speed, and rheological parameters to study the nature of outer-rise 
deformation. The second goal was to characterize the regions of tensile deformation and compare 
these to the subducting plates in northeastern Japan and South America. In Figure 4, the data 
points represent earthquake locations along a subducting plate in the Central Aleutians, where 
many are focused at the trench - the area where the plate’s curvature is highest. However, some 
occur seaward of the trench in a region known as the outer-rise where the plate begins to bend. 
Some earthquakes associated with the subducting plate occur even further away, both in depth 
and horizontal position, from the trench beyond the scope of this figure. 
 
Figure 4: A depiction of the subducting plate in the Central Aleutians constructed by a 
polynomial fit to corresponding earthquake hypocenters (taken from Buffet and Becker, 2012). 
The origin (horizontal position = 0km) is the seaward side of the trench and is in the outer-rise 
cluster of earthquakes. 
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By modeling rheological properties (viscosity, plasticity, elasticity, brittleness, and 
cohesion) coupled with physical properties (temperature and density) and kinetic properties 
(plate speed and subduction angle) of the subducting plate affect the distance from the trench and 
the depth where faulting, i.e. earthquakes, occur. Rheology is the study of flow and deformation 
of matter. In the mantle rocks “flow” via solid-state creep where crystalline substances deform 
irreversibly under applied stress. Depending on the magnitude of applied stress, solid-state creep 
occurs by diffusion creep and/or dislocation creep. Effective viscosity is the viscosity of 
Newtonian fluid that gives the same shear stress at the same shear rate. Deformation occurs 
through a combination of viscous flow and plastic yielding in the lithosphere. Brittle deformation 
patterns largely reflect the magnitude of the yield stress, which is based on the dynamic pressur 
and a material’s cohesion (Naliboff). 
In essence, the Earth flows due to a ripple effect of imperfections in the crystalline lattice 
of substance, where one imperfection leads to another which leads to yet another, resulting in the 
displacement of atoms and thus movement (flow). Starting with a geodynamic model that closely 
matches seismic imaging observations of the subducting plate, I numerically modeled the 
associated plate deformation of the northeast Japan and Kurile subduction system and the 
western South American subduction system and compared the resulting faulting of the bending 
plates with earthquake locations. By varying the plate’s rheology, specifically the internal 
friction angle and cohesion, I aimed to establish the rheological controls on the development and 
size of the outer-rise faulting region, which was the first goal of this study. Specifically, because 
plate rheology is governed by composition, age, temperature, pressure and strain, by monitoring 
different types of rheologies (internal friction angle and cohesion), we can calculate the finite 
strain of a plate’s subducting zone and its effect on viscosity. I can look at millions of years of 
vii 
 
accumulated strain, in the form of viscosity, that a particular plate (or region of a plate) has 
experienced and estimate the extent of faulting.  
Significant differences in the lateral extents of the outer-rise deformation region, along 
with slight variations in the vertical extents of the region, may be first clearly attributed to the 
subduction angle of the two geographical locations. With a steeper subduction angle, the material 
has a more compact area to deform in, thus creating a deeper “wedge” of deformation. The 
rheological properties, however, play a more significant role in the spread of the deformation. As 
a model’s internal friction angle increases, its ability to deform decreases, resulting in a narrower 
section of deformation. Also, the cohesion of the models lead to the observation that a more 
cohesive, or unified material, had more difficulty deforming than those that were less cohesive. 
Models that were run with lesser values of cohesion had a greater lateral spread of the 
deformation region as opposed to those with higher values of cohesion. 
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Chapter 1: Introduction 
 During subduction, the down-going lithospheric plate bends and creates a topographic 
bulge seaward of the trench. This area is known as the outer rise. As the plate subducts, it 
deforms viscoelastoplastically, depending on the amount of stress and accumulated strain the 
plate experiences. Outer rise normal faulting creates potential for large magnitude earthquakes, 
or megathrusts, and is an “indicator of the seismic potential for large underthrusting events” (1). 
A fault forms in the Earth’s crust as a brittle response to stress. The movement of tectonic plates 
provides the stress that causes rocks at the surface to break (Richardson, 2014). The primary goal 
of this study was to model the Japan and South American subduction systems and assess the 
factors that control outer rise deformation patterns in the region. By altering the plate’s thickness, 
rheology, and rate of subduction, we can observe the changes in plate structure as it subducts.
 The Japanese islands, chiefly the four main ones, were formed along the subduction 
boundaries on the eastern margin of the Asian continent. The northeastern islands, Hokkaido and 
Honshu, are on the North American plate which overrides the subducting Pacific Plate, while the 
southwestern islands of Shikoku and Kyushu are on the Eurasian Plate which overrides the 
Filipino Plate. On the Pacific Ocean side, trenches run parallel to these islands: in the order from 
the north, the Kuril Trench, the Japan Trench, the Izu-Bonin Trench, the Nankai Trough, and the 
Ryukyu Trench. These island arcs are composed of continental lithosphere and are theorized to 
have been once a part of the Asian continent but separated approximately 20 Ma to create the 
Sea of Japan.  
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Figure 5: The four main islands of Japan. The northeastern islands, Hokkaido and Honshu, are 
on the North American plate which overrides the subducting Pacific Plate, while the 
southwestern islands of Shikoku and Kyushu are on the Eurasian Plate which overrides the 
Filipino Plate. 
 Almost 1,500 earthquakes hit the island nation every year, and minor tremors occur on a 
nearly daily basis. The large earthquake potential stems from the four tectonic plates that Japan 
sits atop: North American, Pacific, Eurasian, and Filipino. The constant collision of these plates 
can trigger deadly events, causing not only violent shaking but also producing tsunamis. Japan 
lies along the “Ring of Fire”, a narrow zone outlining the Pacific Ocean where about 90% of all 
the world’s earthquakes occur. The 2011 Tohoku earthquake and tsunami was a result of the 
Pacific Plate subducting beneath the North American Plate, during which the violent motion of 
thrust faulting forced the North American Plate upward. The earthquake displaced the North 
American Plate by nearly 20 meters, and the entire island of Honshu now sits approximately 2.4 
meters eastward of where it was before. The epicenter of the quake was about 24.4 km deep, 
making it shallow enough that the vertical displacement of the North American Plate triggered 
the tsunami (Israel).  
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 At the South American Subduction Zone, the oceanic Nazca Plate subducts beneath the 
South American Plate, which includes the continent of South American and the southwestern 
portion of the Atlantic Ocean (spanning towards the Mid-Atlantic Ridge). The Nazca Plate and 
South American Plate share the longest convergent boundary on Earth, as observed by the Andes 
Mountains which stretch 7000 km along the western coast. As the Nazca Plate descends, it drags 
against the overlying plate, causing both to fracture and deform. This results in frequent shallow 
focus earthquakes that get deeper as the ocean plate descends further, defining a zone of 
earthquake foci known as a Benioff zone. The collision between these two plates cause the 
previous accumulation of sediments along the ocean floor (along with some of the oceanic crust) 
to be scraped off and accreted onto the South American Plate; this is known as obduction. The 
layers of deformed and metamorphosed sediments and ocean crust are thrust upon the 
continental plate along faults, known as accretionary wedges, adding to the size of the continent. 
The collision of the two plates deforms the leading edge of the South American Plate by folding 
the rocks. This crustal shortening increases the vertical thickness while reducing the width of the 
lithosphere in the collision zone and so produces the fold mountains of the Andes (Kenyon). 
 
Figure 6 : Cross section of the accretionary wedge along the Nazca and South American Plate 
boundary. Taken from ‘Deepwater Fold-Thrust Belts: Not All the Beasts Are Equal’, Ana 
Krueger and Ed Gilbert, 2009. 
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 Crustal deformation and subsequent mountain building in the overriding South America 
plate generate shallow earthquakes. Slip along the dipping interface between the two plates 
generates frequent and often large interplate earthquakes between depths of approximately 10 
and 50-60 km. Since 1900 numerous magnitude 8 or greater earthquakes have occurred on the 
interface between the Nazca and South America plates, including the 1960 M9.5 earthquake in 
southern Chile, the largest instrumentally recorded earthquake in the world. Earthquakes can also 
be generated to depths greater than 600 km from internal deformation of the subducting Nazca 
plate. Although the rate of subduction varies little along the entire subduction zone, there are 
complex changes in geologic processes along the subduction zone that dramatically influence 
volcanic activity, earthquake generation and occurrence. For example, an extended zone of 
crustal seismicity in central-northern Argentina highlight a well-known flat-slab region of this 
subduction zone, where the Nazca plate moves horizontally for several hundred kilometers 
before continuing its descent into the mantle. This transition in slab structure is coincident with a 
marked break in the Andes volcanic chain (“Seismicity of the Nazca Plate and South America”). 
The Nazca Plate subducts almost horizontally, resulting in four Andean Volcanic Belts: Northern 
Volcanic Zone, Central Volcanic Zone, Southern Volcanic Zone, and Austral Volcanic Zone 
(Shin). 
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Figure 7 : Map of the four Andean volcanic belts. Black triangles represent active volcanoes, 
arrows represent relative plate motion of the Nazca Plate with respect to the South American 
Plate, years represent the oceanic plate ages, and the contoured lines represent the depth of the 
Benioff seismic zone (from Stern, 2004). 
 
 Previous studies have been conducted on outer-rise faulting and deformation, particularly 
focusing on oceanic-continental subduction. Thes study by Naliboff et al. was instrumental in 
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conducting my research. In their paper, Dynamics of outer-rise faulting in oceanic-continental 
subduction systems, the authors concluded that the downgoing plate thickness and velocity, 
downgoing-overriding plate coupling and the magnitude of slab pull exert a first-order influence 
on the faulting patterns in the outer-rise region. The lateral and vertical extents of the faulting 
area could be positively associated with the plate age and the subducting plate velocity. They 
found that brittle rheology of the downgoing oceanic lithosphere had much less of an influence 
on the faulting patterns, whereas my results showed the opposite. Because of this, it was 
suggested that the range of friction and water parameters that they tested didn’t have as 
significant of an impact as the control found by the overall stress-state and rate of deformation 
within the subduction system.   
Chapter 2. Computational Methods 
2.1. Numerical Design, Boundary Conditions, and Geologic Domains 
We numerically modeled deformation in the outer-rise region of an oceanic-continental 
subduction system using a 2D thermal-mechanical code following Gerya (2010). This particle-
in-cell code solves the primitive form (i.e. pressure and velocity) of a system of partial 
differential equations (discussed below) using the finite difference method and is formulated in 
MATLAB. The particles in the code are essentially tracers with specific properties associated 
with them, such as rock type (density and rheology) , velocity, temperature, pressure. Each 
particle also tracks the deformation history (strain) of the model. The advantage of using a 
particle-in-cell method is that one can solve the system of equations on a coarser grid and is free 
to re-grid the model space. 
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In this model, we applied the Navier-Stokes equation of motion. This describes the 
conservation of momentum for a fluid in a gravity field: 
𝝏𝝏𝝈𝝈′𝒊𝒊𝒊𝒊
𝝏𝝏𝒙𝒙𝒊𝒊
−  𝝏𝝏𝝏𝝏
𝝏𝝏𝒙𝒙𝒊𝒊
+  𝝆𝝆𝒈𝒈𝒊𝒊 =  𝝆𝝆
𝑫𝑫𝒗𝒗𝒊𝒊
𝑫𝑫𝑫𝑫
    ( 1 ) 
where i and j are coordinate indices; xi and xj are spatial coordinates; gi  is the i-th component of 
the gravity vector g = (gx, gy, gz); 
𝐷𝐷𝑣𝑣𝑖𝑖
𝐷𝐷𝐷𝐷
 is the substantive time derivative of the i-th component of 
the velocity vector. 
By modeling the mantle as a highly viscous fluid and assuming an instantaneous start and 
stop of movement when pressures act on it and then are removed, inertial forces of the Navier-
Stokes equation become negligible with respect to viscous resistance and gravitational forces 
(termed infinite Prandtl approximation). Under these circumstances, deformation of highly 
viscous flows can be described by the Stoke’s equations of slow flow.:  
𝝏𝝏𝝈𝝈′𝒊𝒊𝒊𝒊
𝝏𝝏𝒙𝒙𝒊𝒊
−  𝝏𝝏𝝏𝝏
𝝏𝝏𝒙𝒙𝒊𝒊
+  𝝆𝝆𝒈𝒈𝒊𝒊 =  𝟎𝟎    ( 2 ) 
2.2. Model Parameters 
 
The computational domain spans 2500 km in the horizontal direction and 500 km in the 
vertical direction. The top and sides of the model maintain a zero stress (or free-slip) boundary 
condition while the bottom boundary has a an open boundary condition which allows material to 
flow through it. The bottom boundary maintains an external thermal boundary, while the top 
boundary remains fixed at 0°C. The The side thermal boundary condition is zero flux. The left 
plate, composed of a 60 Ma oceanic lithosphere for the South American subduction system and 
80 Ma oceanic lithosphere for the Japan subduction system moves towards the right plate, 
composed of 20 Ma oceanic lithosphere, at a constant rate of 8 cm per year for both subduction 
systems. This ensures a consistent rate of subduction at 15 degrees in South American and 30 
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degrees in Japan. The age of the subducting plates varied from 80 Ma in Japan to 60 Ma in South 
America. The mantle lithosphere thickness was 110 km in Japan and on 63 km in South 
America. The continental mantle lithosphere thickness was 50 km in Japan and twice as much in 
South America, 100 km. The continental crust thickness was 30 km in Japan in 50 km in South 
America. Lastly, the angle of subduction varied substantially, with Japan having a much steeper 
angle (30 degrees) than South America (15 degrees). 
 The top of the model consists of sticky air (0-20 km, 1.22 kg m-3) and water (21-28 km, 
1000 kg m-3) which “separates the underlying lithosphere from the top free-slip boundary”, 
allowing “the lithosphere surface to behave as a quasi-free surface” (Naliboff, 2013). The 
sediment thickness is 3 km with the continental level being at 17 km below the top of the model 
space. Both the upper and lower oceanic crust thicknesses are 3 km, and the upper and lower 
continental arc thicknesses are 15 km. 
 
Chapter 3. Analysis of Results 
 
A total of 30 models were run, 15 for the Japan subduction system and 15 for the South 
American subduction system. The table below explains the variations between the subduction 
parameters. PA to EU refers to the oceanic Pacific Plate subducting beneath the Eurasian 
continental plate, and southern NZ to SA refers to the southern portion of the oceanic Nazca 
plate subducting beneath the continental South American Plate. Plate speed and oceanic crust 
thickness were the only two parameters kept consistent between the two zones.  
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Table 1 : The subduction parameters for the Japan and South American subduction systems. 
 PA to EU Southern NZ to SA 
Plate speed (cm/yr) 8 8 
Age (ma) 80 60 
Mantle Lithosphere Thickness (km) 110 63 
Oceanic Crust Thickness (km) 6 6 
Continental Mantle Lithosphere Thickness (km) 50 100 
Continental Crust Thickness (km) 30 50 
Angle of Subduction (deg) 30 15 
 
Apart from these variations, there were also three categories in which the models 
cohesion (MPa) were altered, and five additional categories in which the internal friction angles 
were also altered. The changes in these rheological properties were then to be observed to assess 
which ones (if any) have the greatest control over lateral and vertical outer-rise deformation. The 
details of each variation are given in Table 2 below. The difference between the cohesion factors 
was scaled based on factors of ten. The strong internal friction angle for the upper oceanic crust 
varied mainly in increments of 0.04, with the only exception being the third model in which it 
was set to 0.08, making it only 0.03 less than the previous model. The lower oceanic crust and 
oceanic mantle lithosphere varied by increments of 0.15, ranging from 0.30 to 0.90 over five 
models.  
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Table 2 : The rheological properties that were altered for both the Japan and South American 
subduction models. 
 
 All models were set to run for a maximum of 10000 time steps of 6 million years, 
whichever occurred first, and in all instances the models ran for no more than 2200 time steps. 
When plotting the results, I didn’t keep the time frames consistent, instead choosing to plot the 
models within a timeframe that displayed the highest resolution of plate bending and breakage. 
The South American models were plotted as significantly lower time frames than the Japan 
models (2-3 Ma versus 5-6 Ma), and this was because much of the higher model resolution of 
subduction occurred much faster in the South American subduction system. The outer-rise in all 
of Japan’s models consistently extended from the trench outward, which a couple even starting 
beyond the trench, while none of the South American models started at the trench. All 
deformation widths were measured from the trench to the furthest point at the top of the 
deformation (laterally), and then from the top of the deformation to its lowest point (vertically). 
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This means that all horizontal distances for the South American models are effectively larger 
than what the deformation distance actually was, but even with this in mind, the distances were 
much shorter than those observed in Japan. The most significant difference between both sets of 
models was the lateral and vertical extension of the outer-rise deformation. Japan’s subduction 
system produced a substantially larger deformation in both directions, and this may be attributed 
to the steeper subduction angle.   
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Table 3 : The lateral and vertical extents of outer-rise deformation based on model plots. 
  
 The average width and depth of the outer-rise deformation region for Japan was 157 km 
and 35.4 km, respectively, and for South America was 128.8 km and 25.3 km, respectively. 
Because there were minimal variations in the depths of either region, focus was drawn to the 
lateral expansions. In Japan, it ranged as much as 52 km whereas in South America it ranged 
merely 14 km. In the model Japan1b, the largest width was observed at 186.2 km. By 
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comparison, Japan4b displayed one of the lesser widths. The primary difference between these 
two models lies in the rheological properties of internal friction angle. Model 1a has lower 
internal friction angles, both the strong and weak, than 4a, meaning that there is less force 
resisting the motion of the material as it deforms, this allowing it to deform more readily. This is 
pretty consistent throughout all other models in both Japan and South American, where 1a had a 
wider spread than 2a, 2a a wider spread than 3a, and so forth. The lateral extent of deformation 
also decreases from A to C within each model number. Variations of A, B, and C were based on 
cohesion of the material. Comparing the three to each other, C had the highest cohesion, B the 
lowest, and A was in the middle. From the results, A and B were often similar in width, with C 
being substantially less. C did offer much higher cohesion as compared to both A and B, leading 
to the observation that a more cohesive, or unified material, had more difficulty deforming than 
those that were less cohesive. The South American subduction system resonated the same 
results. A comparison of models Japan1a and Japan4a can be seen below, as well as a 
comparison of models Japan3a, 3b, and 3c. All additional figures of all models can be found in 
the Appendix. 
13 
 
 
Figure 8 : Japan1a model with an outer-rise deformation width of 182.9 km. 
 
Figure 9 : Japan4a model with an outer-rise deformation width of 144.9 km. 
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Figure 10 : Japan3a model with an outer-rise deformation width of 177.2 km. 
 
Figure 11 : Japan3b model with an outer-rise deformation width of 177.8 km. 
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Figure 12 : Japan3c model with an outer-rise deformation width of 153.5 km. 
Chapter 4. Conclusions 
 
 As was previously stated in the analysis of the results, significant differences in the 
lateral extents of the outer-rise deformation region, along with slight variations in the vertical 
extents of the region, may be first clearly attributed to the subduction angle of the two 
geographical locations. With a steeper subduction angle, the material has a more compact area to 
deform in, thus creating a deeper wedge of deformation. The rheological properties, however, 
play a more significant role in the spread of the deformation. As a model’s internal friction angle 
increases, its ability to deform decreases, resulting in a thinner section of deformation. Also, the 
cohesion of the models lead to the observation that a more cohesive, or unified material, had 
more difficulty deforming than those that were less cohesive.  
  
16 
 
Works Cited 
 
Israel, Brett. "Japan's Explosive Geology Explained." LiveScience. TechMedia Network, 14  
Mar. 2011. Web. 20 Mar. 2015. <http://www.livescience.com/30226-japan-tectonics- 
explosive-geology-ring-of-fire-110314.html>. 
Kenyon, Ian, and Peter Loader. "Plate Tectonics." The Geological Society. N.p., n.d. Web. 20  
Mar. 2015. <http://www.geolsoc.org.uk/Plate-Tectonics/Chap3-Plate- 
Margins/Convergent/Oceanic-continental>. 
Naliboff, John B., Magali I. Billen, Taras Gerya, and Jessie Saunders. "Dynamics of Outer-rise  
Faulting in Oceanic-continental Subduction Systems." Geochemistry, Geophysics,  
Geosystems 14.7 (2013): 2310-327. Web. 
Richardson, Eliza. "Faults." Plate Tectonics and People. Penn State: College of Earth and  
Mineral Sciences, 2014. Web. 20 Mar. 2015. <https://www.e- 
education.psu.edu/earth520/content/l7_p3.html>. 
Shin, Edward. "South American Plate." Americas: Tectonics. N.p., n.d. Web. 20 Mar. 2015.  
<http://americastectonics.weebly.com/south-american-plate.html>. 
"Seismicity of the Nazca Plate and South America." USGS. N.p., 30 Oct. 2012. Web. 20 Mar.  
2015. <http://earthquake.usgs.gov/earthquakes/eqarchives/poster/regions/nazca.php>. 
"Two Years Later, Japan Seethes at Tsunami Recovery." CBSNews. CBS Interactive, 11 Mar.  
2013. Web. 1 Oct. 2014. 
 
 
  
17 
 
Appendices 
 
Figure 13 : Japan1a model.  
 
Figure 14 : Japan1b model. 
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Figure 15 : Japan1c model. 
 
Figure 16 : Japan2a model. 
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Figure 17 : Japan2b model. 
 
Figure 18 : Japan2c model. 
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Figure 19 : Japan3a model. 
 
Figure 20 : Japan3b model. 
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Figure 21 : Japan3c model. 
 
Figure 22 : Japan4a model. 
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Figure 23 : Japan4b model. 
 
Figure 24 : Japan4c model. 
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Figure 25 : Japan5a model. 
 
Figure 26 : Japan5b model. 
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Figure 27 : Japan5c model. 
 
Figure 28 : SouthAmerica1a model. 
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Figure 29 : SouthAmerica1b model. 
 
Figure 30 : SouthAmerica1c model. 
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Figure 31 : SouthAmerica2a model. 
 
Figure 32 : SouthAmerica2b model. 
27 
 
 
Figure 33 : SouthAmerica2c model. 
 
Figure 34 : SouthAmerica3a model. 
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Figure 35 : SouthAmerica3b model. 
 
Figure 36 : SouthAmerica3c model. 
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Figure 37 : SouthAmerica4a model. 
 
Figure 38 : SouthAmerica4b model. 
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Figure 39 : SouthAmerica4c model. 
 
Figure 40 : SouthAmerica5a model. 
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Figure 41 : SouthAmerica5b model. 
 
Figure 42 : SouthAmerica5c model. 
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Summary of Capstone Project 
 
The two main goals of the study were to: 1) numerically model plate age, subduction 
angle, plate speed, and rheological parameters to control outer-rise deformation, and 2) collect 
earthquake hypocenter locations using the Iris Earthquake Browser (www.iris.edu/ieb) and 
compare these to regions of tensile deformation along the subducting plates in northeastern Japan 
and South America. 
We built the model based on previous thermo-mechanical numerical models of outer rise 
deformation, basing our model on an oceanic-continental subduction boundary with the 
continental lithosphere island arc of Japan and also on the oceanic-continental subduction 
boundary along the western South American coast. 
The outer rise is a subtle ridge on the seafloor located near an oceanic trench where a 
down-going lithospheric plate begins to swell and thus fault prior to subducting at the subduction 
zone. During subduction, the descending lithospheric plate bends upwards, leading to normal 
faulting. This normal faulting, or deformation pattern associated with a subducting plate, is 
controlled by the plate’s age, subduction velocity and angle, and rheology. With the use of 
numerical modeling of subduction zones, we can explore the effects of these properties on the 
outer rise deformation. Significant differences in the lateral extents of the outer-rise deformation 
region, along with slight variations in the vertical extents of the region, may be first clearly 
attributed to the subduction angle of the two geographical locations. With a steeper subduction 
angle, the material has a more compact area to deform in, thus creating a deeper wedge of 
deformation. The rheological properties, however, play a more significant role in the spread of 
the deformation. As a model’s internal friction angle increases, its ability to deform decreases, 
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resulting in a thinner section of deformation. Also, the cohesion of the models lead to the 
observation that a more cohesive, or unified material, had more difficulty deforming than those 
that were less cohesive. 
 
34 
 
